INTRODUCTION
A cell can synthesize hundreds of proteins that must find their way to appropriate places within the cytoplasm or beyond. This suggests that newly manufactured proteins are dispatched to their proper destinations through a sophisticated transportation network, and we are only beginning to decipher the chemical "zip code system" which is operating ( Figure  1 ).
It was recognized early that secretary proteins including lactoproteins (23, 24, 25) are synthesized on ribosomes attached through their large subunits to the membrane of the endoplasmic reticulum (ER) and are vectorially discharged into the ER intraluminal space. However, mechanisms in selecting specific messenger-RNAs (mRNAs) for translation on membrane-bound polysomes and transferring the newly synthesized polypeptide chains through ER membranes were not known. It first was thought that there were two types of ribosomes in terms of structure, but this concept finally was dismissed because of lack of evidence (reviewed in 63, 77) .
In the early 1970's, Blobel and Sabatini's proposal (6) that binding of functioning ribosomes might be induced by the nascent polypeptide chains themselves was substantiated by the discovery of precursors of immunoglobulin light chains (59) with short-lived amino terminal sequences through to be the signalling devices whereby segregation of ribosomes and secretory proteins is achieved. Milstein's finding (59) and subsequent refined studies by Blobel and Dobberstein (7) led to the conceptually fruitful "signal hypothesis' which has provided an attractive and plausible model for the early steps of protein secretion ( Figure 2 ).
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In this hypothesis secretory proteins presumably are synthesized as larger polypeptide chains (preproteins) with transient amino terminal extensions, the so-called signal sequences, able to interact with putative ER membrane receptors. This triggers the binding of functioning ribosomes which provides the topological conditions (either the opening or the formation of a proteinaceous pore) for the vectorial transfer of the nascent chains into the cisternal space and the concomitant removal of the signals through proteolytic cleavage. This topographic catalysis model was extended later to integral membrane proteins (73) and finally to any protein translocated within or across a membrane (8, 9) in both eukaryotic and prokaryotic cells.
Alternative mechanisms denying the need for a specific translocation machinery also have been proposed. According to the "direct transfer model" (34, 35, 36) , for example, the hydrophobic signal might bind in 0t-helical conformation to the membrane and form a loop (20) which might extrude directly through the lipophilic bilayer as the elongation of the nascent chain proceeds, the driving force being provided further by the direct ribosomemembrane interaction ( Figure 2 ).
The recent development of various cell-free systems able to translate efficiently exogenous mRNAs, as well as the elaboration of procedures allowing the isolation of still active membranes, has provided adequate technology for testing the occurrence of signal sequences and studying in vitro the translocation of a given polypeptide chain within or across a membrane.
All but one (64) secretory protein so far investigated are synthesized initially with transient amino terminal signal sequences. Ovalbumin is unique in that it contains a putative permanent signal whose actual nature has given rise to much controversy: the possible involvement of an internal sequence in the translocation of that protein has been reported (47) but still is much disputed (50, 86) . Although involvement of peculiar hydrophobic sequences in the translocation process now is well substantiated in both eukaryotes and prokaryotes (example, 8 and 19) , the actual mechanisms by which those generally short-lived amino terminal sequences operate still are understood poorly, and validity of the above mechanistic models cannot be estimated properly because of insufficient experimental evidence. According to recent studies (10, 11, 30, 42, 43) , the rough ER contains two specific membranespanning glycoproteins, ribophorins I and II, which may act as binding sites for ribosomes. Furthermore, specific receptors for signal sequences may occur on th cytoplasmic side of the ER membrane (68) .
It is beyond the scope of this paper to discuss in general the complex and vexing mechanisms of translocation of proteins in or across membranes, and for more detailed information the reader is referred to recent reviews on that topic (7, 8, 9, 19, 20, 34, 35, 36, 85, 86) . Here attention will be focused solely on our knowledge of the first steps of protein secretion in the lactating mammary gland, which are essentially those outlined in the "signal hypothesis" (7, 8, 9) with the reservation that the occurrence of putative membrane receptors and the mode of transfer of the polypeptide chains through the ER membrane remain Unsettled questions.
The lactating mammary gland exports a large number of proteins, and in ruminant species six Figure 1 . Schematic representation of a lactating mammary cell, illustrating the intracellular dispatching of some proteins with special emphasis on the overall secretory pathway of exported proteins.
Mitochondria are the powerhouses of the cell; lysosomes and peroxisornes are the recycling cellular plants. Cy, M, and P are synthesized on free ribosomes and represent cytosolic, mitochondrial, and peroxisomal proteins, respectively. Translocation of M and P, across mitochondrial and peroxisomal membranes, respectively, occurs after completion of the polypeptide chains.
Secretory (lactoproteins), lysosomal, and some integral membrane proteins are synthesized on ribosomes attached to the endoplasmic reticulum (ER) membrane. Secretory and lysnsomal proteins cross the ER membrane during synthesis, thanks to their "signal peptides." L, lysosomal enzymes, are then diverted from the secretion pathway by means of another signal, a mannose-6-phosphate, presumably added before the polypeptide chains reach the Golgi apparatus (61, 62) . Lactose and major milk proteins are in secretory vesicles (74) . Cellular components are not to scale. of them account for the bulk of secretory proteins synthesized in mammary epithelial cells: oql-, as2-, /3-, anti /<-caseins, /3-1actoglobulin, and ~-lactalbumin represent about 30, 9, 30, 10, 9, and 2% of the total protein output in the bovine species. Hence, it follows that the above proteins were chosen as models of secretory lactoproteins in investigations reported here. It will be shown by selected electrophoretic and, above all, radiosequence data how it was demonstrated that the six main ovine milk proteins are synthesized as precursors (prelactoproteins) in a cell-free system (26, 53, 55) and co-translationally segregated and proteolytically processed into their authentic counterparts in the presence of mammary microsomal membranes (27, 56) . We also report the amino terminal sequences of some lactoproteins from other species and discuss their essential features as well as the biological significance of the structural similarities between homologous signals. Finally, we outline our current knowledge of the temporal relationship of translation, glycosylation, and phosphorylation of lactoproteins.
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STUDY OF THE SIGNAL SEQUENCES OF LACTOPROTEINS
General Strategy and Results
The general step-wise procedure for demonstrating the occurrence of precursors of milk proteins is outlined in Figure 3 . However, alternative procedures may soon be used with current development of recombinant DNA technology, as the occurrence of precursors of some proteins already has been inferred from the corresponding DNA sequences (2, 4, 21, 48, 60, 81) . The more time-consuming and tedious steps are unquestionably repetitive translations and automated Edman degradations required for determination of the complete amino terminal sequence of the in vitro synthesized polypeptide which is radiolabeled with only a few amino acids each time for analytical reasons. Another burdensome step is isolation and purification of a given milk protein for nonruminant species whose lactoproteins are seldom well-known. For example, identification of a casein relies essentially on the knowledge of its amino acid composition and partial sequence which are compared with those of the four bovine caseins taken as references. Hence, it generally follows that several components of whole casein might be analyzed before getting the right casein.
Early experiments on cell-free translation of poly(A) RNAs isolated from membrane-bound polysomes of miscellaneous lactating mammary glands [ovine (25, 29) , rabbit (39), guinea pig (16), rat (72) , and mouse (72, 82)1 and subsequent electrophoresis of the immunoprecipitated in vitro translated polypeptides failed to give investigators clues of precursors, except for a-lactalbumin (16); sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) did not reveal any significant differences of mobility between the in vitro synthesized caseins and their counterparts isolated from milk. The occurrence of precursors actually was proven by sequencing the radiolabeled polypeptides immunoprecipitated from the cell-free translation systems as illustrated in Figure 4 .
Furthermore, it was demonstrated that these precursors were actually the primary translational products from the corresponding mammary mRNAs as the first methionyl residue was exclusively donated by the initiator [3ss]MettRNA Met (example, 27, 55).
From these studies, it was concluded that the main lactoproteins are synthesized initially as larger polypeptide chains with amino terminal extensions of 15 amino acid residues for O/sl-, aS2-, and l~-caseins and 21, 18, and 19 residues for /~-casein, ~3-1actoglobulin, and a-lactalbumin at least in the few species so far investigated (26, 28, 46, 53, 54, 55, 56, 58, 69) .
Signal Sequences of Ovine Presecretory ~sl ", as2-, f3-, and K-caseins, /3-Lactoglobulin, and a-Lactalbumin
With the exception of the amino terminal extensions of the three "calcium-sensitive" caseins, which are similar, the signal sequences of ovine presecretory lactoproteins differ markedly in both length and amino acid sequence ( Figure 5 ). Therefore, it is inferred that presecretory proteins synthesized in the same type of cell do not require necessarily the same type of signal sequence for crossing the ER membrane. Nevertheless, some signals might be more efficient for transport than others, thus possibly resulting in a modulation of the rate of intracellular transport of exported proteins at the level of the rough endoplasmic reticulum. The striking homology (about 70%) between signal sequences of as1-, as2-, and ~3-caseins provides another clue that the three proteins, which also share common sequences at the level of clustered ph0sphoseryl and glutamyl residues (57), might have evolved from a common ancestor.
All signal sequences already investigated, including those of lactoproteins, are characterized by their overall hydrophobicity and clustered hydrophobic amino acid residues. These two features are consistent with the proposed functions of the signal: interaction with the membrane and "piloting" of the remaining part of the polypeptide chain through the lipid bilayer. Basically, the signals have an amphipatic structure as they are made up of a hydroprobic core of at least nine amino acid residues flanked with a polar and generally positively charged amino end. Moreover, the signals exhibit a high potential for making s-helix, and to Journal of Dairy Science Vol. 65, No. 2, 1982 less degree, extended or f3-sheet conformations (1, 22) . It has been suggested that such a hydrophobic organized structure might span spontaneously the hydrophobic part of the membrane lipid bilayer (20, 22, 34, 35 conformation allows the membrane-bound "signal peptidase" to remove accurately the signal peptide from the polypeptide chain being transferred across the membrane. The ultimate amino acid residue of the signal sequences of the six lactoproteins is alanine ( Figure 5 ), indicating that the "signal peptidase" cleaves an alanyl-X peptide bond, where X is either an arginyl, lysyl, glutaminyl, glutamyl, or isoleucyl residue. However, the specificity cannot he explained solely in terms of amino acid sequence recognition. Indeed, many alanyl-X linkages, including some of the above types, occur in the polypeptide chains of lactoproteins and are not broken down, as will be seen later.
An interesting feature of the amino terminal sequences of prelactoproteins is the occurrence of at least one cysteinyl residue either within or near the signal peptides. Conceivably cysteinyl residues might contribute through disulfide linkages to a closer and firmer association of the nascent chain with the postulated membrane receptor and translocator, thus enhancing efficiency of the transfer. In this connection, the oviduct of laying birds, which is similar to the lactating mammary gland in terms of high capacity of secretion, exports proteins with similar characteristics: cysteinyl residues occur in the short-lived signal sequences of conalbumin, ovomucoid, and lysozyme as well as in the amino terminal sequence of ovalbumin (64, 83) . Furthermore, N-ethylmaleimide, a sulphydryl-modifying reagent, inhibits the translocation process (41), and Jackson et al. (40) demonstrated that at least one sulphydryl group essential for translocation activity is located on a cytoplasmic domain of the rough ER membrane, accessible to trypsin and not shielded by bound-ribosomes.
Signal Sequences of Presecretory Lactoproteins of Other Species
Amino acid sequence study of a series of homologous proteins from species that are not closely related phylogenetically is a promising way to gain information concerning the structure-function relationship. By comparing primary structures, which dictate the pattern of folding of polypeptide chains, one can determine domains that are conserved and presumably essential for function. For example, such studies of K-casein showed the remarkable conservation of the peculiar amino acid sequence responsible for the unusual lability of the neighboring peptide bond whose breakage initiates the milk-clotting process. In contrast, other regions of K-casein had undergone a high rate of evolutionary change as roughly one residue of two was different for bovine and porcine species (52) .
Preliminary comparative studies of amino terminal sequences of homologous prelactoproteins already have revealed interesting features as illustrated in Figure 5 . Thus, primary structures of the signal sequences of ovine (26, 53) , bovine (58) , and rabbit (58) pre-/3-caseins are identical, and the porcine signal sequence , each sample being supplemented with a protein of known sequence to monitor the efficiency of the Edman degradation. At each cycle, the amino terminal residue is released from the polypeptide chain as an unstable derivative which is converted to the more stable phenylthiohydantoin (PTH) amino acid. Every time that a radioactive amino acid occurs in amino terminal position as the Edman degradation proceeds, it is released as a radioactive PHT amino acid which can be detected and identified by co-chromatography with appropriate PTH amino acids carriers and subsequent assay for radioactivity. For example, panels ALA and ILE represent the amount of radioactivity counted on silica gel plates at the levels of PTH Ala and PTH lie carriers, respectively, which were co-chromatographed with the PTH amino acid released Comparisons of the amino terminal sequences of B-lactoglobulin synthesized in vitro (deduced from the above series of diagrams) and 3-1actoglobulin isolated from milk shows that the former has an amino terminal extension (signal sequence) of 18 amino acid residues. For more information, see (53 ,.
[ .lL,U (58) differs from the others only by two highly conservative amino acid substitutions, one of them involving an allelic form, that should not affect the secondary structure. In contrast, the remaining part of the polypeptide chain is more variable. Likewise, signal sequences of ovine (26, 53) , bovine (58) , and rabbit (58) pre-~sl-caseins as well as those of ovine (53) and porcine (54) pre-/3-1actoglobulins are conserved remarkably. In the latter case, there is 84% homology among signal sequences, and two of the three amino acid replacements, such as the Lys/Arg interchange at position 2, are conservative in nature, thus avoiding any major conformation perturbation. In contrast, the adjacent stretch of the 29 known amino acid residues is a variable region as indicated by the lower degree of homology (less than 60%) and the high ratio of nonconservative amino acid interchanges.
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On the other hand, comparative sequence data on ovine (55) , porcine (69), rabbit (28), and rat (46) pre-0c-lactalbumins are much lessdemonstrative, except for the first two species where the homology is about 85 and 60% for the signal sequence and the following stretch of 29 amino acid residues, respectively. In contrast, the signal sequence and remaining part of tke polypeptide chains appear to have evolved at similar rates in rabbit and rat species, as also was observed (55) for pre-c~-lactalbumin and prelysozyme, two homologous preproteins that are thought to be derived from a common ancestor (13) . Thus the amino terminal extensions of prelactoproteins that have been investigated, except for pre-c~-lactalbumin, appear to be highly conserved in terms of primary structure, as observed with other presecretory proteins such as preproinsulins (4, 48, 81) . The minimal amount of variability in the amino acid sequence of a given signal, which presumably reflects selection pressure, suggests that functional properties of the amino terminal extension depend not only on a minimal hydrophobicity (38) but also on an appropriate conformation well adapted for the efficient transfer of the remaining part of the polypeptide chain across the membrane. Such an assumption, which needs further confirmation owing to the restricted number of sequence data available, recently has been supported by biochemical analyses of mutations affecting the export of extracytoplasmic proteins in mutant bacteria (2, 21) . In most mutant strains, the defect in protein transport was related to an alteration of the hydrophobic core of the signal, either a deletion leading to shortening of the core or a single amino acid substitution involving replacement of a neutral residue by a charged residue and in one case by the s-helix breaker proline (2, 21) . On the basis of these data, it has been postulated (3) that the amino terminal extension may not work properly unless the hydrophobic core in s-helical or extended conformation is longer than the critical value of 18 A as measured along its periodic axis. Such a length represents 12 residues in s-helical conformation and roughly half the size of the hydrophobic part of the membrane lipid bilayer. Likewise, the unusual properties of a mutant lipoprotein which is transferred across the inner bacterial membrane without cleavage seem to be related to a conformational change brought about by the Asp/ Gly replacement at position 14 in the signal. Figure 5 . Amino terminal sequences of the six major ovine presecretory milk proteins (26, 53, 55 , and unpublished data on prems2-casein ) and their counterparts from other species: bovine, rabbit, and porcine pre-3-caseins (58); bovine and rabbit pre-~sl-Caseins (58); porcine pre-3-1actoglobulin (54); porcine (69), rabbit (28) , and rat (46) pre-c~-Iactalbumins.
Ovine presecretory milk proteins were chosen arbitrarily as references. Only the amino acid substitutions found in the amino terminal sequences of milk preproteins from other species as compared with their ovine counterparts are indicated. Cysteinyl residues are underlined. X refers to an unknown residue. The tryptophanyl residue at position -15 in the sequence of ovine pre~-Iactalbumin has not been ascertained definitively (55) . Boxed residues are those which differ in the sequences of the signal peptides of ovine %1", %2", and 3-caseins. The arrow indicates the sites of cleavage by the "signal peptidase."
The complete primary structures of bovine (70) and ovine (71) 3-caseins, bovine %1" (51, 31) and %2-caseins (14) , bovine and ovine K-caseins (quoted in 52), bovine (12) and caprine (67) 3-1actoglobulins, and bovine (quoted in 13), caprine (49) , and rabbit (37) ~-lactalbumins are known. A deletion occurs at position 27 in rat c~-lactalbumin (66) . Lane 4. Total products synthesized in vitro in the presence of microsomal membranes added to the cell-free system prior to translation of mRNAs. The same pattern was obtained when trypsin and chymotrypsin were added to the cell-free system at the end of the translation.
Lane 5. Same as lane 3, except that trypsin and chymotrypsin were added to the cell-free translational system at the end of translation.
Perhaps, the signal peptidase is unable to recognize the site of cleavage because the neighboring surface topology is changed (45) .
ENZYMATIC PROCESSING OF PRESECRETORY LACTOPROTEINS
Following the pioneering work of Milstein et al. (59), who discovered the precursor of an immunoglobulin light chain that was converted successfully to the normal protein with rough microsomes added during the in vitro synthesis, and subsequent studies of Blobel and Dobberstein (7), who confirmed these results and extended significantly their full implications, the in vitro processing of many preproteins has been performed successfully in several laboratories. The general procedure, set up by the latter workers, consists of supplementing the cell-free translation system with degranulated microsomal membranes, the vesicle-shaped fragments of the rough endoplasmic reticulum stripped of ribosomes. In this way, it is possible to mimic in the test tube what presumably occurs in vivo at the level of the ER membrane. The in vitro synthesized polypeptides then are analyzed by SDS-polyacrylamide gel electrophoresis and ultimately by automated Edman degradation, thus allowing their identification and comparison with their counterparts synthesized in the absence of degranulated microsomal membranes. Furthermore, by adding proteases in the cell-free system at a given time and looking at the fate of the newly synthesized polypeptide chains in terms of primary structure, one can check whether the polypeptide chains in terms of primary structure, one can check whether the polypeptides were protected from the exogenous proteases, which suggests that they were translocated safely within the microsomal lumen.
containing ovine mammary mRNAs and [3SS]-methionine gave the results shown in Figure 9 and interpreted in Figure 6 . When translation was in the absence of degranulated microsomal membranes from rabbit mammary gland, a major and a minor radioactive band representing precaseins and prefl-lactoglobulin (27) , respectively, were observed (lane 3) following SDS-polyacrylamide gel electrophoresis. Pre-c~-lactalbumin was not detected as it accounts for only 2% of the total lactoprotein content. The electrophoretic pattern remained unchanged when microsomal membranes were added at the end of translation (data not shown). In both cases, the newly synthesized polypeptides were trypsin-and chymotrypsin-sensitive (lane 5). Additional bands corresponding to new polypeptides were detected when microsomal membranes were added to the cell-free system prior to translation of mRNAs (lane 4), and the polypeptides were trypsin-and chymotrypsinresistant. The addition of the exogenous proteases did not change the electrophoretic pattern except when the microsomal membranes were solubilized subsequently with Triton X-100. Radiosequence analyses of each immunoprecipitated lactoprotein (lane 2) synthesized in the cell-free system supplemented with microsomal membranes prior to translation demonstrated unambiguously the occurrence of authentic lactoproteins in that medium as illustrated in Figure 7 (27, 56) .
From these studies it was concluded that nascent prelactoproteins are processed proteolytically by a specific membrane-bound protease which cleaves off the signals of the grow~ ing polypeptide chains as they cross the ER membrane (27, 56) . The fate of the signal once it is released from the nascent chain is not known. However, study of the cellular processing of preproparathyroid hormone suggested that the signal is hydrolyzed rapidly within the cell (15, 32) . Accordingly, one can assume that signal sequences of prelactoproteins are not secreted. If they were exported, hundreds of milligrams of these peptides and their by-products should occur per liter of bovine milk which, in fact, lacks such compounds. Moreover, it was demonstrated that the "signal peptidase" retained both activity and specificity when disrupted from the ER membrane with a detergent (27, 56, 79) . A deoxycholate soluble extract of mammary ER merebranes converted post-translationally more than 70% of pre-/3-, pre-asl-, and pre-as2-caseins into their authentic counterparts. However, pre-/3-lactoglobulin was not processed, thus suggesting that the site of cleavage was inaccessible to the enzyme, presumably because of the folding and dimerization of the pre-/3-1actoglobulin polypeptide chains.
Precursors of guinea pig caseins and alactalbumin, as well as their in vitro processing by dog pancreatic microsomal membranes, also have been reported (17, 18) . However, these data are less demonstrative as they rely solely on electrophoretic and peptide mapping analyses of [3SS]methionine radiolabeled polypeptides synthesized in the presence of the initiator [3ss]Met-tRNAfMet. According to these preliminary results, the amino terminal end of the signals of guinea pig caseins might be MetArg or Met-Lys. Interesting studies dealing with sequestration and turnover of guinea pig milk proteins in Xenopus oocytes (44) have shown that transfer of milk proteins across intracellular membranes of the oocyte occurs only during their synthesis, thus confirming the results with cell-free systems.
Similar studies dealing with the in vitro cotranslational processing and segregation of nascent lactoprotein polypeptide chains by dog pancreas microsomal membranes, have been on rat caseins (75, 76) and rat a-lactalbumin (46), whose signal sequences are partly known. The fact that nascent chains of guinea pig and rat lactoproteins were processed and segregated by microsomal membranes originating from a different tissue (pancreas) and a different species (dog) was not unexpected. Indeed, the signal sequence of nascent fish preproinsulin also was recognized properly by the aforementioned mammalian microsomal membranes, thus indicating that signal sequences have conserved an original structural pattern during the course of evolution (quoted in 8).
Timing of Glycosylation and Phosphorylation of Lactoproteins
Secretary milk proteins, aside from the proteolytic removal of their signals, undergo covalent modifications as many of them occur in milk as conjugated proteins. Thus, in bovine milk the four mature caseins are O-phosphorylated; c~-lactalbumin and K-casein are partly N-and O-glycosylated, respectively.
The temporal relationship of translation, glycosylation, and phosphorylation of proteins is still poorly understood, but there is now substantiated evidence that some prosthetic groups already are incorporated into polypeptide chains being synthesized on membrane-bound polysomes. The first step of N-glycosylation occurs co-translationally within the ER lumen (33) and results from the transfer of a lipidlinked oligosaccharide to appropriate asparaginyl residues in the tripeptide sequence -Asn-X--Thr/Ser-(reviewed by Parodi and Leloir, 65) . In particular, Lingappa et al. (46) succeeded in core glycosylating rat ~-lactalbumin in a cell-free system concomitantly supplemented with both rat mammary mRNAs and dog pancreas microsomal membranes. Similar resuits were obtained with rabbit ~-lactalbumin synthesized in vitro in the presence of rabbit mammary microsomal membranes (28) . To date, there is no evidence that O-glycoproteins such as ~-casein are glycosylated via the lipidlinked oligosaccharide pathway (78, 84) . However, this does not preclude the possibility that O-glycosylation already might occur co-translationally. In this connection, glycosylation of an epithelial protein from rat gastric mucosa, which contains oligosaccharide chains linked to seryl and threonyl residues via N-acetylgalactosaminyl residues (GalNAc), was reported to start on nascent polypeptide chains, as evidenced by the occurrence of glycosidic GalNAc residues in peptidyl-tRNAs derived from membrane-bound polysomes (80) . Rat casein of high molecular weight segregated within dog pancreas microsomal membranes was glycosylated (75) . Unfortunately, it is not known whether this casein is O-or N-glycosylated.
Since O-phosphorylation of caseins involves enzymatic recognition of the amino acid triplets --Ser/Thr--X-A-, where X might be any amino acid residue and A is an acidic residue (57) , reminiscent of the previously described N-glycosylation recognition sites, there is a priori no obvious reason for ruling out the possible incorporation of some phosphate groups in nascent casein chains. However, no experimental data evidencing some co-translational phosphorylation of caseins has ever been reported. Early investigators (quoted in 57) reported on the basis of kinetic studies with mammary gland explants in the presence of puromycin that incorporation of phosphate groups is presumed caseins occurred after polypeptide chain synthesis. More recently, biochemical analysis of caseins synthesized in a cell-free system containing rabbit mammary microsomal membranes, which were efficient in terms of proteolytic processing and Nglycosylation, failed to detect any phosphoseryl (B) Figure 8 . Identification by automated Edman degradation of the polypeptide immunoprecipitated from the cell-free translation system with an antiserum against 3-1actoglobulin. The cell-free system contained [3HI isoleucine and translation was carried out in the absence (A) and the presence (B) of rabbit mammary microsomal membranes. Sequence positions assigned to isoleucine residues are indicated by arrows in each panel (see legend of Figure 4 for interpretation of the data). The polypeptide immunoprecipitated in the (B) assay was authentic /3-1actoglobulin (see also lane 2, Figure 6 ) as deduced from the above data and the known amino terminal sequences of both pre-#-lactoglobulin and authentic 3-1actoglobulin from ovine milk (53) shown below. Met-Lys--Cys--Leu--Leu--Leu--Ala--Leu--Glu--Leu--Ala--Leu--Ala--Cys--Gly--Val--Gln--Ala-- Numbers written above and below the sequence of pre-3-lactoglobulin indicate the positions of amino acid residues in the polypeptide chains of pre-3-1actogtobulin and authentic 3-1actoglobutin, respectively. The arrow marks the site of cleavage deduced from the above data.
and phosphothreonyl residues in these in vitro synthesized polypeptides (57) . Such experiments suggest that the rough ER membrane lacks any casein kinase and that phosphorylation is a post-translational process occurring mainly in the Golgi apparatus (5) and perhaps to less extent at the level of the smooth ER.
CONCLUDING REMARKS
Although the secretion process is exceedingly complex owing to the rather intricate pathway of secretory proteins, recent advances have been made toward a better understanding of the early stages at the rough endoplasmic reticulum level.
The six major secretory lactoproteins investigated, O-sl-, Ors2-, 3-, and K-caseins, 3-1acto-globulin, and c~-lactalbumin, are synthesized initially as larger polypeptide chains (prelactoproteins) with short-lived amino terminal extensions called signal sequences. According to the mechanism of protein secretion outlined in the "signal hypothesis," these transient extra pieces are in a way the visas that allow their protein owners to pass the ER border only once. The signal sequences are removed selectively during transfer of the growing polypeptide chains into the lumen of the rough ER where the processed proteins are sequestered. Each signal sequence has an amphipatic structure consisting of a stretch of clustered hydrophobic amino acid residues in presumed a-helical and to less extent 3-sheet conformation flanked by a positively charged and Qhelical-predicted polar amino end. Such a structure is consistent with the proposed role of the signal region in interacting with the ER membrane and in inducing subsequent attachment of the functioning ribosome to the ribophorins. For whichever model is considered, a specific ER receptor may recognize the peculiar shape of the signal region of the nascent chain, or in the other alternative, the signal region might have the intrinsic ability of spontaneously inserting into the ER membrane, as for peptides such as melittin whose amphipatic and organized structure is reminiscent of that described above. The funtional importance of the conformation is stressed by the minimal variability of the amino acid sequence in the signal region of homologous prelactoproteins and supported by biochemical studies of mutant bacteria defective in protein transport.
The nascent polypeptide chain must be at least 50 to 60 residues long to attach to the membrane as some 30 to 40 amino acids must be assembled before the polypeptide chain begins to emerge from the large 60S subunit of the ribosome. At this initial stage of nascent chainmembrane interaction, both models seem to be equally feasible according to our knowledge, although two types of secretory nascent polypeptide chains can compete with each other since binding supports the occurrence of specific domains if not receptors on the cytoplasmic side of the ER membrane.
The following step, namely the passage of the growing polypeptide chain through the ER membrane, is even less understood. A polypeptide chain is a patchwork of hydrophobic and hydrophilic stretches, and crossing of the hydrophobic core of the membrane by hydrophilic constituents requires energy. Even if both the driving force of elongation of the chain and the interaction of ribosome-ribophorins could provide the energy needed, large-scale export of proteins requires, in addition, a high rate of crossing, and it is hard to imagine how a rapid transit could be realized without help of a specialized mechanism. Therefore, it is proposed that mammary epithelial cells, whose essential function is to export very large amounts of proteins, have an active translocation machinery at their disposal at the level of the rough ER membrane. Since signal sequences of prelactoproteins differ significantly in both lengths and amino acid sequences, it is suggested that the rate of transfer of these proteins across the ER membrane might be more or less modulated by the intrinsic efficiency of their respective signals. Although the actual intracellular location and fate of the proteolytically released signals are not known, one can assume that they are not exported because milk lacks such peptides or related amino acids.
Besides the removal of the signals through co-translational cleavage, polypeptide chains can undergo other covalent modifications at the level of the rough ER, such as co-translational N-glycosylation via dolichol-linked oligosaccharides. Accordingly, ~-lactalbumin synthesized in vitro in the presence of mammary microsomal membranes was N-glycosylated. O-Glycosylation of some proteins also has been reported to start during translation although without any involvement of the aforemenJournal of Dairy Science Vol. 65, No. 2, 1982 tioned lipid intermediates. This leaves open the possibility that incorporation of acetylgalactosaminyl residues into K-casein might occur on nascent chains, and this point deserves further investigation.
As for phosphorylation of caseins, virtually all evidence supports the model in which phosphate groups are transferred post-translationally to the appropriate seryl and threonyl residues.
The rough endoplasmic reticulum membrane plays a key role in selecting proteins for transport and in starting covalently to modify some polypeptide chains before they reach the Golgi apparatus where the bulk of covalent transformations occurs. The rough ER membrane, however, does not exclusively discriminate secretory proteins as some integral membrane proteins as well as lysosomal enzymes are also translocated across the microsomal membranes (7), thus suggesting that those proteins share a functionally identical signal with exported proteins. The rough endoplasmic reticulum is only one of the cellular "signal boxes," and for lysosomal enzymes, for example, it is thought that another signal, namely a mannose-6-phosphate residue, directs those proteins to their final destination inside the lysosomes (61, 62) .
Mechanisms responsible for the transport and dispatching of proteins within the different cellular compartments involve an intricate sequence of events that are being progressively unraveled. However, it is fair to say that much further research in this fascinating field will be required before we fully understand the mechanisms operating at the molecular level.
